Abstract: Cloud liquid water content (LWC) and droplet effective radius (r e ) have an important influence on cloud physical processes and optical characteristics. The microphysical properties of a three-layer pure liquid stratus were measured by aircraft probes on 26 April 2014 over a coastal region in Huanghua, China. Vertical variations in aerosol concentration (Na), cloud condensation nuclei (CCN) at supersaturation (SS) 0.3%, cloud LWC and cloud r e are examined. Large Na in the size range of 0.1-3 µm and CCN have been found within the planetary boundary layer (PBL) below~1150 m. However, Na and CCN decrease quickly with height and reach a level similar to that over marine locations. Corresponding to the vertical distributions of aerosols and CCN, the cloud r e is quite small (3.0-6 µm) at heights below 1150 m, large (7-13 µm) at high altitudes. In the PBL cloud layer, cloud r e and aerosol Na show a negative relationship, while they show a clear positive relationship in the upper layer above PBL with much less aerosol Na. It also shows that the relationship between cloud r e and aerosol Na changes from negative to positive when LWC increases. These results imply that the response of cloud r e to aerosol Na depends on the combination effects of water-competency and collision-coalescence efficiency among droplets. The vertical structure of aerosol Na and cloud r e implies potential cautions for the study of aerosol-cloud interaction using aerosol optical depth for cloud layers above the PBL altitude.
Introduction
Stratus clouds, with about 24% global area coverage [1] , have been the focus of many studies due to their significant influence on surface radiation budget [2] [3] [4] [5] [6] . By reflecting solar radiation back to space, stratus clouds, particularly marine stratus over low-reflecting oceans, have a significant cooling effect on the radiation budget at both the surface and top of the atmosphere (TOA). Globally, stratus clouds account for about 60% of the total, which is about 15 W m −2 net cooling, TOA radiation balance [7] . It is thus essential to examine and understand the properties of stratus clouds.
To obtain stratus cloud properties, in-situ aircraft, ground-based, and spaceborne remote sensing observations have been carried out. The long-term satellite and ground site observations provide possibilities for studies on cloud climatology, evaluation, and improvement of climate models. Evaluations of the ground-based and spaceborne cloud retrieval algorithms and studies of cloud processes often require in-situ aircraft observations of cloud properties. Each type of observation, however, has its own uncertainties, as indicated by the authors of [8, 9] .
Observational studies on stratus cloud properties have been carried out over various locations. Most of these studies are for marine stratus clouds, continental boundary layer stratus clouds, and
Instrument and Measurements
The Hebei Province Weather Modification Office Yun-14 Turboprop Transport Aircraft was used for the observation of aerosol and clouds in this experiment, same as that used by [22] . Instruments that were equipped in this aircraft include a Particle Measuring Systems (PMS) Forward Scattering Spectrometer Probe (FSSP-100), a PMS two-dimensional cloud (2DC) optical array probe, a two-dimensional grey cloud probe (2DGC), a two-dimensional precipitation probe (2DP), a Passive Cavity Aerosol Spectrometer Probe (PCASP) Model 100, a Cloud Condensation Nuclei (CCN) counter, and a thermometer.
There are four size ranges in terms of diameter for the particles measured by the FSSP. In this study, the FSSP measure range is set with sizes between 2 µm and 45.5 µm. However, due to the potential droplet shatter contamination, we did not choose the first size bin below 3.5 µm. Yet, the droplet Nc could still be somehow contaminated by the shatter artifacts, particularly when large droplets exist, which introduces additional errors to the FSSP observations. Actually, FSSP tends to overestimate the relative proportion of small droplets in the two first size bins [23] . Based on FSSP observation, the cloud droplet Nc is calculated by integrating the cloud droplet number concentration in each size bin from 3.5 µm to 45.5 µm, and the cloud droplet r e and LWC are calculated as: 
where d and N(d) are the mean droplet diameter and droplet number concentration in each size bin, respectively, ρ is liquid water density. There are totally 14 size bins between 3.5 µm and 45.5 µm.
While it was indicated that the FSSP measurements of droplet size are accurate to 17% and LWC is accurate to within 34% [24] , additional errors could exist in cloud droplet Nc, r e and LWC, particularly due to the shatter artifact. Considering that the clouds observed in this study are liquid phase stratus clouds, which generally have a diameter size range between 2 µm and 40 µm, only measurements from the FSSP are used. The particle size distributions from 2DC (33-1056 µm), 2DGC (30-1920 µm) and 2DP (200-6400 µm) are not adopted in this study for the calculation of Nc, r e and LWC. Each year, these instruments are calibrated by the instrument company. For example, for the FSSP instrument, it is essential to calibrate the relationship between the glass-bead diameter and water-droplet diameter, which has been discussed in other studies [25, 26] . PCASP measures the aerosol particle size distribution (PSD) with 15 size bins from 0.1 µm to 3.0 µm. The aerosol PSD measured by the PCASP is derived from the aerosol particle light scattering intensity with Mie scattering theory. The PCASP is calibrated with polystyrene latex (PSL) aerosol particles with a refractive index (RI) of 1.59. However, the Mie scattering theory is used to generate the particle concentration in each size bin at RI = 1.55, a value slightly more representative of continental aerosol. Every year, PCASP is calibrated by comparing with the particle size distributions measured from Scanning Mobility Particle Sizer Spectrometer (SMPS), to ensure its consistency with the SMPS on average. Generally, the accuracy of measurements is 20% and 16% in particle size and concentration, respectively [22] . The aerosol concentration Na is calculated in this study by integrating the PCASP aerosol concentration within the 15 bins. In other words, Na is just for aerosols in a size range between 0.1 and 3.0 µm, which could be significantly less than the true total aerosol concentration, considering that there is a large fraction of aerosol with sizes less than 0.1 µm. On the other hand, the shatter of droplets could make the Na with additional uncertainties when measured in clouds. Evaporation of cloud droplets related to the heating in the PCASP or aerosol inlet can also contribute to aerosol detected in cloud, for which both complete and partial evaporation are possible [27] . Uncertainties associated with droplets shatter and evaporation are not investigated in this study.
Similar to the aerosol concentration, the CCN concentration measured by the CCN counter could also be contaminated by the cloud droplet shatter artifact, particularly when cloud droplets are large. The impacts of droplet shatter artifact are not counted in our analysis, while they could make CCN larger than the truth. For CCN counter, the supersaturation rate and Optical Particle Counter (OPC) are calibrated annually by the DMT company, and the flow sensors are calibrated using a flow meter and soap bubble unit before this flight experiment. The CCN concentration measured in this study is under a supersaturation (SS) of 0.3%. The thermometer is used for air temperature observation, which has been corrected for the dynamic heating.
Only one 3-h mission was carried out during this field experiment. The flight started from Shijiazhuang city at 10:30 local time (LT), reached over Huanghua region at about 11:30 LT, made 1-h observation over Huanghua region, and flew back to ShiJiaZhuang at 13:30 LT on 26 April 2014. Figure 1 (left) shows the satellite map of clouds from the Moderate Resolution Imaging Spectroradiometer (MODIS) at 10:30 LT on the same day, from which we can see clearly that the clouds are overcast stratus clouds, along with the region (rectangle region) that aircraft made observations. Figure 1 (right) shows the flight tracks, including a spiral flight pattern from a low height of 600 m to a high level of 6900 m which was designed and carried out on 26 April 2014 over Huanghua, Hebei. This study focuses on cloud observations during the spiral flight period over Huanghua between 11:55 and 12:15 LT when the aircraft moves slowly with average ascent rate~200 feet per minute from low level at 600 m to high levels up to 6900 m. 
Analysis and Results
Same as [22, 28, 29] , cloud bases and tops were determined as the lowest and highest altitudes for a continuous layer where Nc is larger than 10 cm −3 and LWC is larger than 0.001 g/m 3 . Three layers of clouds were found at heights below 1150 m, 1750-2050 m, and 2200-3120 m, respectively, which are illustrated in Figure 2 with gray colors. No clouds were found above these three cloud layers. The cloud base for the lowest cloud layer cannot be determined since the aircraft was still in the clouds when it reached the lowest flying height of 600 m. Figure 2 shows the profile of in-situ observed atmospheric temperature from the thermometer on the aircraft, which provides the basis for cloud phase determination in this field campaign study. The atmosphere temperature is above 0 °C for heights below 3750 m, and below 0 °C for heights above 3750 m. Therefore, this cloud with maximum top below 3200 m is pure liquid phase stratus cloud without the presence of ice particles. A weak inversion layer can be seen at a height around 1200 m (red line in Figure 2 ), indicating the likely height of the planetary boundary layer at that period over Huanghua on 26 April in 2014. Considering that the top of the lowest cloud layer is below the PBL altitude, the three cloud layers are denoted as the PBL cloud layer, low layer above the PBL, and upper layer above the PBL in this study. 
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Same as [22, 28, 29] , cloud bases and tops were determined as the lowest and highest altitudes for a continuous layer where Nc is larger than 10 cm −3 and LWC is larger than 0.001 g/m 3 . Three layers of clouds were found at heights below 1150 m, 1750-2050 m, and 2200-3120 m, respectively, which are illustrated in Figure 2 with gray colors. No clouds were found above these three cloud layers. The cloud base for the lowest cloud layer cannot be determined since the aircraft was still in the clouds when it reached the lowest flying height of 600 m. Figure 2 shows the profile of in-situ observed atmospheric temperature from the thermometer on the aircraft, which provides the basis for cloud phase determination in this field campaign study. The atmosphere temperature is above 0 °C for heights below 3750 m, and below 0 °C for heights above 3750 m. Therefore, this cloud with maximum top below 3200 m is pure liquid phase stratus cloud without the presence of ice particles. A weak inversion layer can be seen at a height around 1200 m (red line in Figure 2 ), indicating the likely height of the planetary boundary layer at that period over Huanghua on 26 April in 2014. Considering that the top of the lowest cloud layer is below the PBL altitude, the three cloud layers are denoted as the PBL cloud layer, low layer above the PBL, and upper layer above the PBL in this study. Figure 3 shows the vertical profiles of aerosol concentration (Na) from PCASP, CCN at SS = 0.3%, cloud LWC, and cloud droplet r e . For heights below the PBL height of around 1200 m, Na is high with values between 300 and 900 cm −3 even for size range between 0.1 and 3 µm. Actually, Na with a broader size range such as between 10 nm and 3 µm can be as large as several 10 4 cm −3 in most regions of China [30] [31] [32] [33] . There is a sharp decrease in Na around the top of PBL, which can be easily seen in clear air in the aircraft since the horizontal visibility has a sharp change between below and above the PBL height. A similar vertical exponential declining trend of aerosol Na was found over Beijing by [34] . At heights around 2900-4700 m, there is a layer with high Na, which could come from long-range transport. Further back trajectory analysis using the NOAA HYSPLIT model shows that the aerosol particles at this layer mainly come from east China region (~50-100 km south of the observation location) at 12:00 LT on 26 April 2014. The vertical variation of CCN at SS = 0.3% is similar as that of aerosol Na. Interestingly, the CCN at SS = 0.3% at some heights are even larger than the Na. This should be related to the measurable size range of 0.1-3 µm for aerosols by the PCASP: when there are considerable particles with sizes below 0.1 µm that can serve as CCN, observed CCN could be larger than the Na from PCASP. Note that the CCN at SS = 0.3% could also have large uncertainties when measured within clouds due to the cloud droplet shatter on the inlet surfaces [35] [36] [37] [38] , particularly for those large droplets. For cloud layers above PBL altitude, cloud droplet radii are mainly between 7 and 13 μm, consistent with many marine boundary layer clouds [6, 48, 49] . Similarly, the aerosol Na (0.1-3 μm) is also low (<200 cm −3 ) and consistent with those at clean marine areas [6] . Similar to many liquid and mixed-phase clouds observed by in situ aircraft, the cloud droplet re measured above PBL altitude here increases with height below 2650 m. All these characteristics imply that cloud properties of upper layer above the PBL are similar to those of marine stratus clouds without significant impacts by aerosols, different from the PBL cloud layer observed in this study.
To investigate the potential impacts of aerosols on cloud properties, Figure 4 shows the variation of bin-averaged cloud droplet re with Na for the PBL cloud layer and the upper layer above the PBL. For each layer, the observations are divided into five bins with the same sample volume based on aerosol Na. For PBL cloud layer shown in Figure 4a Figure  4 are all linearly regressed based on the bin averages of Na and re, and the bars represent the standard deviations of Na (horizontal) and re (vertical) for each bin. Associated with the high Na within the PBL, the PBL cloud layer droplet re is very small with a layer average mean value around 4.5 μm. A Different from cumulus clouds, which generally have large cloud LWC [28] , the LWC observed here (Figure 3b ) is generally low with values below 0.2 g/m 3 . The LWC varies little with height for PBL cloud layer. By contrast, LWC above the PBL generally increases with height before reaching height 2650 m, consistent with many in-situ observations for liquid and mixed phase clouds at relatively clean regions [10, [39] [40] [41] . It is likely caused by the condensation of water vapor with decreasing temperature for higher altitudes. After 2650 m, LWC shows a decreasing trend with height. While the reason is not clear, it is very likely caused by the air entrainment and detrainment. The dry air which enters clouds by entrainment helps droplet evaporate, making cloud droplets become smaller. Moreover, the wet air escape from clouds by detrainment, also making cloud droplets smaller. Statistically, LWC observed here mainly lies between 0.001 and 0.2 g m −3 . This LWC range is roughly consistent with in-situ stratus cloud observations over other locations [11, [42] [43] [44] [45] [46] . Different from cloud LWC, there are large vertical variation of cloud droplet r e (Figure 3c ). The cloud droplet radii are around 3-5 µm for the low cloud layer with tops below 1150 m, much smaller than those (7-13 µm) above PBL altitude. This could be a result of vertical changes of both aerosols and temperature. Decreasing temperature with height helps increase cloud droplet radii through the cloud condensation process. Moreover, decreasing the aerosol amount makes the cloud droplet size increase without too strong water competition among them. For these stratus clouds, there is no strong vertical velocity and the aerosols are mainly concentrated within the PBL, making the PBL cloud layer strongly affected by aerosols while layers above the PBL are not. Table 1 shows the mean and standard deviations (std) of aerosol Na, CCN, and cloud Nc in PBL cloud layer, low layer above the PBL, and upper layer above the PBL for the three-layer stratus cloud measured over Huanghua, China on 26 April 2014. Quantitatively, there are large Na, CCN and Nc concentrations within PBL altitude, which are around 300-800 cm −3 , 150-300 cm −3 , and 150-500 cm −3 , respectively. By contrast, most Na and CCN concentrations are less than 200 cm −3 , 100 cm −3 , and 200 cm −3 at heights above PBL altitude, respectively. By assuming that the cloud droplet properties in the PBL cloud layer and upper layer above the PBL are for polluted and clean conditions, respectively, the effective radius is about 10-80% smaller in polluted than in clean conditions. Note that cloud r e varies a lot with large standard deviation within the low layer above the PBL, which is likely associated with the relatively strong entrainment and detrainment effects due to its small thickness. The entrainment and detrainment occur more frequently around the boundaries between the clouds and air. Moreover, the entrainment and detrainment often make dry air mix with the cloud parcels inhomogeneously in stratocumulus clouds [47] , further causing large variations of cloud r e within this low layer above the PBL. For cloud layers above PBL altitude, cloud droplet radii are mainly between 7 and 13 µm, consistent with many marine boundary layer clouds [6, 48, 49] . Similarly, the aerosol Na (0.1-3 µm) is also low (<200 cm −3 ) and consistent with those at clean marine areas [6] . Similar to many liquid and mixed-phase clouds observed by in situ aircraft, the cloud droplet r e measured above PBL altitude here increases with height below 2650 m. All these characteristics imply that cloud properties of upper layer above the PBL are similar to those of marine stratus clouds without significant impacts by aerosols, different from the PBL cloud layer observed in this study.
To investigate the potential impacts of aerosols on cloud properties, Figure 4 shows the variation of bin-averaged cloud droplet r e with Na for the PBL cloud layer and the upper layer above the PBL. For each layer, the observations are divided into five bins with the same sample volume based on aerosol Na. For PBL cloud layer shown in Figure 4a Figure 4 are all linearly regressed based on the bin averages of Na and r e , and the bars represent the standard deviations of Na (horizontal) and r e (vertical) for each bin. Associated with the high Na within the PBL, the PBL cloud layer droplet r e is very small with a layer average mean value around 4.5 µm. A weak but clear negative relationship (r 2 = 0.50) is found between cloud droplet r e and Na for PBL cloud layer, which should be associated with the water-competing effect of droplets with weak LWC in PBL cloud layer. This is consistent with the Twomey effect [8, 16, 17, 22, [50] [51] [52] . By contrast, we can see a clear positive relationship (r 2 = 0.77) between cloud droplet r e and aerosol Na in the upper layer above the PBL, opposite to the Twomey effect. This should be related to the much fewer aerosols and relatively larger LWC in the upper layer above the PBL, making the competence effect much weaker and collision-coalescence more effective among the droplets. If we examine the whole cloud, we can also find a clear negative relationship (not shown here) between cloud droplet r e and aerosol Na. However, for the whole cloud, the negative relationship is more likely related to the opposite vertical distributions of cloud droplet r e and aerosol Na, not only the effect of aerosols on the cloud droplet microphysical properties.
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Conclusions
Vertical properties of one three-layer stratus cloud are investigated in this study based on a onehour flight observation over a region in Huanghua, China on 26 April 2014. The three layers are at heights below 1150 m, 1750-2050 m, and 2200-3120 m, respectively. A profile of the temperature indicates that all of these three layers of cloud are in liquid phase. In addition, the temperature profile shows a PBL altitude of around 1200 m.
There is a sharp decrease in aerosol Na around the top of PBL, and the vertical variation of CCN at SS = 0.3% are similar as that of aerosol Na. The LWC varies little with height for observed PBL cloud layer. By contrast, LWC above the PBL generally increases with height, which is likely caused by the condensation of water vapor with decreasing temperature for higher altitudes. Different from cloud LWC, there are large vertical variation of cloud droplet re: 3-5 μm for the PBL cloud layer with tops below 1150 m, 7-13 μm for layers above the PBL altitude. This could be associated with vertical variation of both aerosols and temperature. For these stratus layers, there are no strong vertical velocities and the aerosols are mainly concentrated within the PBL, making the PBL cloud layer to be strongly affected by aerosols. By assuming that the cloud droplet properties in the PBL cloud layer and the upper layer above the PBL are for polluted and clean conditions, respectively, the effective radius is about 10-80% smaller in polluted than in clean stratus clouds.
Associated with the different amounts of aerosols, the sensitivity of cloud properties to aerosols varies a lot with heights based on our case study. There is a clear negative relationship between cloud droplet re and aerosol Na in the PBL cloud layer, consistent with the Twomey effect, particularly 
Vertical properties of one three-layer stratus cloud are investigated in this study based on a one-hour flight observation over a region in Huanghua, China on 26 April 2014. The three layers are at heights below 1150 m, 1750-2050 m, and 2200-3120 m, respectively. A profile of the temperature indicates that all of these three layers of cloud are in liquid phase. In addition, the temperature profile shows a PBL altitude of around 1200 m.
There is a sharp decrease in aerosol Na around the top of PBL, and the vertical variation of CCN at SS = 0.3% are similar as that of aerosol Na. The LWC varies little with height for observed PBL cloud layer. By contrast, LWC above the PBL generally increases with height, which is likely caused by the condensation of water vapor with decreasing temperature for higher altitudes. Different from cloud LWC, there are large vertical variation of cloud droplet r e : 3-5 µm for the PBL cloud layer with tops below 1150 m, 7-13 µm for layers above the PBL altitude. This could be associated with vertical variation of both aerosols and temperature. For these stratus layers, there are no strong vertical velocities and the aerosols are mainly concentrated within the PBL, making the PBL cloud layer to be strongly affected by aerosols. By assuming that the cloud droplet properties in the PBL cloud layer and the upper layer above the PBL are for polluted and clean conditions, respectively, the effective radius is about 10-80% smaller in polluted than in clean stratus clouds.
Associated with the different amounts of aerosols, the sensitivity of cloud properties to aerosols varies a lot with heights based on our case study. There is a clear negative relationship between cloud droplet r e and aerosol Na in the PBL cloud layer, consistent with the Twomey effect, particularly when LWC is low. When LWC is large, the relationship between cloud droplet r e and aerosol Na changes from negative to positive. Moreover, a positive relationship between cloud droplet r e and aerosol Na is found in the upper layer above the PBL when aerosol Na is low. These imply that the relationship between cloud droplet r e and aerosol Na depends on the combination effect of water-competency and collision-coalescence among droplets.
The vertical structure of aerosol Na and cloud droplet r e also implies potential cautions for the study of aerosol first indirect effect using aerosol optical depth (AOD): clouds with bases below the PBL altitude, instead of those with bases above the PBL altitude, are more related to the column aerosols which are more concentrated within the PBL. Considering that satellite often measures cloud properties in the top layer with passive remote sensors, it could be problematic to study aerosol's first indirect effect by using satellite based cloud properties and aerosol column optical depths for clouds with tops much higher than the PBL altitude.
